The municipal solid waste (MSW) landfill in Vientiane, Laos, which receives > 300 tons of waste daily, of which approximately 50% is organic matter, has caused serious environmental problems. This study was conducted to investigate the accumulated levels of heavy metals (HMs) (cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn)) in water (surface and groundwater), soil, and plants between dry and wet seasons according to the standards of the Agreement on the National Environmental Standards of Laos (ANESs), Dutch Pollutant Standards (DPSs), and the World Health Organization (WHO), respectively. Although no impact of pollution on the surface water was observed, the levels of Cr and Pb in the groundwater significantly exceeded the basics of ANESs and WHO in both seasons. The pollution caused by Cd and Cu reached the eco-toxicological risk level in the landfill soils and its vicinity. The vegetable Ipomoea aquatica, which is consumed by the nearby villagers, was seriously contaminated by Cr, Pb, Cu, and Zn, as the accumulation of these toxic metals was elevated to much greater levels as compared to the WHO standards. For the grass Pennisetum purpureum (elephant grass), the quantities of HMs in all plant parts were extreme, perhaps due to the deeper growth of its rhizome than I. aquatica. This study is the first to warn of serious HM pollution occurring in the water, soil, and plants in the MSW landfill of Vientiane, Laos, which requires urgent phytoremediation. The indication of what sources from the MSW principally cause the pollution of HMs is needed to help reduce the toxicological risks on Lao residents and the environment in Vientiane as well.
Introduction
The management of municipal solid waste (MSW) is a challenge for the urban environment in many developing countries and is attributed to rapid population growth, unsatisfactory urbanisation, and undesireable economic growth. Thus, open dumping and unsanitary waste landfills are a pressing issue. MSW comprises household, healthcare, and industrial waste, but they are not segregated and are all disposed of into the same landfill [1] . The landfill is the principal place for solid waste dumping, which has resulted in serious environmental pollution and the spread of disease [2, 3] .
Leachate migration in open dumping sites is a dominant source of heavy metals (HMs) in surface and groundwater, soil, and plants [4] [5] [6] . If plants uptake HMs from polluted soil, there is a high possibility of HMs transferring to the human food chain through the consumption of vegetation or animals [7, 8] .
Materials and Methods

Description of Research Area
The MSW landfill is located in a suburban area of Vientiane, the capital of Laos (latitude 18 • 4 45.86" N, longitude 102 • 50 57.18" E, approximately 32 km from the urban centre). The landfill operation is open dumping in a total area of 100 ha of land space and has been operating since 2007. The area has a tropical climate characterized by wet season rainfall from May to September and a dry season from October to April. The MSW landfill is a flat field adjacent to agricultural land, including rice fields. It includes landfill management offices, a recycling factory, wastewater treatment ponds, wetlands, and a temporary hut for waste pickers. Residents in the surrounding areas of the MSW landfill have never received public health information. Many plants in the landfill such as Ipomoea aquatica (water spinach) are collected and sold in the nearby local markets for human consumption. The landfill location is also connected to small substreams, and wastewater runoff in the rainy season overflows to the rivers. Also, the residents catch fish from the polluted ponds and nearby streams, which are sold to local markets without concern for possible HM pollution from MSW.
In this study, samples from surface water were collected upstream to downstream from wetlands in the landfill site (Table 1) . Groundwater and soil samples were gathered from inside and outside of the landfill. In addition, two plant species-I. aquatica and the grass Pennisetum purpureum (elephant grass)-were also collected from the landfill and surrounding area (see Figure 1 or Table 1 ). 
Sample Collection
Three samples from the surface water in the landfill wetlands, from an average water depth of 1-1.5 m, were collected between each station from upstream to downstream. Good quality samples were randomly taken each season, and each station included two subsamples. They were stored in 1-L polyethylene bottles and subsequently adjusted by HNO3 to obtain pH < 2 [26, 27] . The values of pH, temperature (°C), electrical conductivity (EC), and dissolved oxygen (DO) were measured by HORIBA (U-50 Multiparameter Water Quality Meter, Kyoto, Japan) at field sites. Furthermore, two groundwater samples were collected from wells inside and in the vicinity of the landfill. The G1 (well) was used for the landfill management office at the landfill, and the G2 (well) was far from the landfill (70 m away) and it was frequently exploited by nearby farmers. The characterized flow of groundwater (G2) was unknown. The water samples were taken in both wet and dry seasons in 2017, and they were preserved in a way similar to the surface water samples. In detail, pH values of 8.32 and 7.53, temperatures of 19.14 and 25 °C, DO values of 12.03 and 0.52 mg/L, and EC values of 2.77 and 6.93 µs/cm were recorded in wet and dry seasons, respectively. The results showed that these parameters fitted the standards of the permissible limits of the National Environmental Standards of Laos, except the DO in the dry season.
Soil samples were randomly collected at 0-0.25-m depth at an area of 50 cm 2 in the landfill and locations at 60 m from the landfill according to a method described in Gworek et al. [28] . There were 48 samples gathered in both wet and dry seasons in 2017. The locations of soil samples inside the dumpsite were collected from the nearest recharge canals. At each sampling location, six subsamples were randomly collected to make a composite sample. The soils were placed in sterilized plastic bags, while the sampled sites were recorded by GPS (GARMIN GPS 62sc (surface and groundwater, soil and plant samples) ( Table 1 ). The soils were air-dried at room temperature after collection. They were finely ground by an agate mortar, filtered through a 0.2-mm stainless-steel sieve to remove coarse debris, and stored in sealed containers at 4 °C for further analysis.
I. aquatica (water spinach) was collected in two ponds in the landfill, including leachate and fish ponds. The samples were collected in both wet and dry seasons (total of 24 samples). The roots, stems, and leaves were separated and stored in zipped polyethylene bags. The samples were washed thoroughly with tap water and rinsed with distilled water for 1 min to clear them of periphyton and detritus [28] . The P. purpureum samples were collected in two locations: inside and outside the 
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Chemical Analysis for Heavy Metals
The surface and groundwater samples were filtered by filter papers (Qualitative, circle, 90 mm Ø, Whatman TM, New Jersey, US) to obtain a 100-mL solution, to which 1 mL of HNO 3 (65%) was added and then heated for 2 h without boiling at 80-90°C. The samples were cooled to room temperature and then filtered with 0.2-µm syringe filters [29] . The waters were analyzed using a multitype inductively coupled plasma emission spectrometer (ICP-ES) and ICPE-9000 (Shimadzu, Tokyo, Japan).
Five grams of soil were added to 20 mL of HNO 3 (7 mol/L), stirred for 1 h, and then placed in an autoclave at 120 • C for 30 min. The mixture was cooled to room temperature, filtered by filter papers, and diluted by deionized water [30] . The samples were filtered again by a 0.2-µm syringe filter and transferred to tubes for analyses by ICPE-9000 (Shimadzu, Tokyo, Japan).
The roots, stems, and leaves of the plant samples were dried and ground into powder. An amount of 0.5 g of each sample was added to 6 mL of concentrated HNO 3 (65%) and 2 mL of concentrated HCl (30%) and stood until the reaction was completed. The mixture was moved to an autoclave for 66 min at 132 • C for digestion [30] . The plant samples were analyzed by ICPE-9000 (Shimadzu, Tokyo, Japan).
Statistical Analysis
The statistical analyses were implemented by Minitab ® 17.3.0 (Copyright © 2016 by Minitab Inc., Shanghai, China). Mean and standard deviation values were evaluated using one-way analysis of variance (ANOVA). Tukey's test was applied to compare pairs among seasons, treatments, and data of the standards at a p-value of p < 0.05, which indicated the significant differences by 95% confidence. Table 2 shows that several HM contents were below the detectable limit of the analyzed instrument and were noted as not detected (ND). The results in Table 2 indicate that no trace of cadmium (Cd) and zinc (Zn) was detectable in surface and groundwater of both the wet and dry seasons. The accumulation of chromium (Cr), copper (Cu), nickel (Ni), and lead (Pb) was observed, but none of them exceeded the standard levels of the Agreement on the National Environmental Standards of Laos (ANESs). Similarly, no presence of Cd and Zn was found in G1 (groundwater inside the landfill) and G2 (groundwater outside the landfill) in both the wet and dry seasons (Table 2; Figure 2 ). However, Ni was not detected in both G1 and G2 in the dry season, whilst Pb was not found in the wet season in G2. In addition, no accumulation of Cu was observed in G2 in both the wet and dry seasons ( Table 2 ; Figure 2 ). In the groundwater inside the MSW landfill, the levels of Cr and Pb significantly exceeded the standards of both ANESs and the World Health Organization (WHO). On the other hand, traces of Ni and Cu were below the permissible limit of ANESs and WHO (Table 2 ). In locations outside the landfill (G2), although Cr, Ni, and Pb were detected, only the contents of Pb in the dry season were much higher than those of ANESs and WHO standards ( Table 2 ). The levels of HMs in the dry season were higher than the wet season. The results suggest that seasonal variation significantly influences heavy metal concentrations. Table 3 shows that the HMs from soils in the landfill were generally in much greater quantities than those of soils from the nearby location of the MSW landfill. The amount of HMs differed, and Zn was the greatest (>17-fold), whilst Cd and Cr were the least (>3-fold) (Figure 3 ). On the other hand, the quantities between the wet and dry seasons varied among the HMs. Amounts of Cd and Cu in the landfill exceeded the target value of the Dutch Pollutant Standards. In addition, the level of Cd overcame the eco-toxicological risk (outside landfill) ( Table 3) . Table 3 shows that the HMs from soils in the landfill were generally in much greater quantities than those of soils from the nearby location of the MSW landfill. The amount of HMs differed, and Zn was the greatest (>17-fold), whilst Cd and Cr were the least (>3-fold) (Figure 3 ). On the other hand, the quantities between the wet and dry seasons varied among the HMs. Amounts of Cd and Cu in the landfill exceeded the target value of the Dutch Pollutant Standards. In addition, the level of Cd overcame the eco-toxicological risk (outside landfill) ( Table 3) . Table 4 shows that the roots of I. aquatica accumulated higher quantities of HMs than those allowed by WHO standards in both the wet and dry seasons. The maximal pollution levels were recorded for Cd, Cr, Pb, and Zn (8-56-fold higher than the WHO standards) in the stems and roots ( Table 4 ). The leaves of this vegetable were not affected by Cd, Cu, Ni, Cd, and Ni in the wet and dry seasons, respectively, whilst the HM levels in stems did not exceed the standards of WHO in Cd, Cu, and Ni in the wet and dry seasons, respectively ( Table 4 ). Considering that the villagers commonly consume leaves and stems of I. aquatica, Cr, Pb, Cu, and Zn in this vegetable presented in much higher quantities than the WHO standards (Table 4) .
Results
Concentration of Heavy Metals in Surface and Groundwater
Concentration of Heavy Metals in Soil
Concentrations of Heavy Metals in Plants
For P. purpureum, the quantity of Cd in its roots was > 50-fold greater than that of I. aquatica in the landfill, although the accumulated level of Cd was > 8-fold lower than the plants growing outside the MSW (Table 4 ). In the dry season, the amount of Cd in the rhizome of P. purpureum was also reduced by > 4-fold compared to the wet season. The accumulation of Cd in the stems and leaves of P. purpureum was similar to its roots. This evidence indicates that in the wet season, P. purpureum absorbs a much greater amount of Cd than in the dry season (Table 4) . Furthermore, Cr, Cu, Ni, Pb, and Zn in different plant parts of P. purpureum were analogous to that of Cd. These chemicals were accreted in much higher quantities than that of I. aquatica and all of them exceeded the WHO standards, except for Ni in the leaves of this grass ( Table 4 ). The accumulation of these HMs was significantly reduced in the dry season. Except for Ni, the presence of Cd, Cr, Cu, Pb, and Zn was found in all plant parts of P. purpureum growing outside the landfill in the dry season. This revealed that the pollution caused by Ni was less problematic than other HMs (Table 4 ). The amount of HMs detected in P. purpureum may be explained by the deeper roots of the grass, as I. aquatica roots commonly spread either on the surface of the soil or water in the landfill. Table 4 shows that the roots of I. aquatica accumulated higher quantities of HMs than those allowed by WHO standards in both the wet and dry seasons. The maximal pollution levels were recorded for Cd, Cr, Pb, and Zn (8-56-fold higher than the WHO standards) in the stems and roots (Table 4 ). The leaves of this vegetable were not affected by Cd, Cu, Ni, Cd, and Ni in the wet and dry seasons, respectively, whilst the HM levels in stems did not exceed the standards of WHO in Cd, Cu, and Ni in the wet and dry seasons, respectively ( Table 4 ). Considering that the villagers commonly consume leaves and stems of I. aquatica, Cr, Pb, Cu, and Zn in this vegetable presented in much higher quantities than the WHO standards (Table 4) .
For P. purpureum, the quantity of Cd in its roots was > 50-fold greater than that of I. aquatica in the landfill, although the accumulated level of Cd was > 8-fold lower than the plants growing outside the MSW (Table 4 ). In the dry season, the amount of Cd in the rhizome of P. purpureum was also reduced by > 4-fold compared to the wet season. The accumulation of Cd in the stems and leaves of P. purpureum was similar to its roots. This evidence indicates that in the wet season, P. purpureum absorbs a much greater amount of Cd than in the dry season (Table 4) . Furthermore, Cr, Cu, Ni, Pb, and Zn in different plant parts of P. purpureum were analogous to that of Cd. These chemicals were accreted in much higher quantities than that of I. aquatica and all of them exceeded the WHO standards, except for Ni in the leaves of this grass ( Table 4 ). The accumulation of these HMs was significantly reduced in the dry season. Except for Ni, the presence of Cd, Cr, Cu, Pb, and Zn was found in all plant parts of P. purpureum growing outside the landfill in the dry season. This revealed that the pollution caused by Ni was less problematic than other HMs (Table 4 ). The amount of HMs detected in P. purpureum may be explained by the deeper roots of the grass, as I. aquatica roots commonly spread either on the surface of the soil or water in the landfill. 
Discussion
In this study, the surface water showed values lower than the standards (data not shown); therefore, it did not affect the environment. In contrast, the groundwater in the wet and dry seasons had high concentrations of Pb and Cr that exceeded the permissible values of ANESs [31] and WHO [32, 33] . High doses of Pb and Cr detected in groundwater might be due to the leachate of HM contamination from MSW [34, 35] . However, the amounts of Cd, Cu, Ni, and Zn in both seasons were lower than the permissible value of the regulations [31, 32] . Cd and Zn in the groundwater were not detected, perhaps because of the low content of Cd and Zn in the MSW [36] , which might be reduced by plant absorption [37] .
In general, the dry season showed higher HM concentrations than the wet season. Probably, in the wet season, low-strength leachate was generated; however, during the dry season, the reduced percolation and enhanced evaporation might have increased the leachate strength [38] . Although the accumulation of Cd, Cu, Ni, and Zn was lower than Pb and Cr in the groundwater (Table 2) , it was reported that the long-term oxidation of residual organic matters, together with sulfur, nitrogen, and iron in MSW, may lead to the release of greater amounts of HMs [39] .
The Cd and Cu in the soil samples exceeded the levels of Dutch Pollutant Standards to reach an eco-toxicological risk [34] . The higher amount of Cd than the target value [34] in each station might result in broader contamination by leachate migration. Vegetation that absorbs an excessive amount of Cd and other HMs (Table 4 ) may adversely influence the health of people and animals living in the landfill and in its vicinity [40] . The tremendous amount of Cd and Cu may be related to the high quantities of these toxic metals in waste compositions that are disposed of in the landfill [41] . Kitchen, ash, plastic, and industrial wastes are the primary sources of metals in MSW landfills [42, 43] . In contrast, the accumulation of Pb, Cr, Ni, and Zn in soil was found to be lower than the target value standards [34] . However, the quantities of these HMs may be elevated by long-term accumulation [39] . It was reported that HM concentrations were generally lower during the rainy season and higher in dry season [44] . In this study, the sampling stations were close to the leachate canals of the landfill, where the polluted water flowed to and contaminated the surface soil. In contrast, the samples from outside landfill had higher concentrations in the dry season [44] . HM contamination in soils depends on the dose in the MSW and environmental effects [45] .
High doses of Cd, Cr, Pb, and Zn were detected in the edible parts (leaves and stems) of I. aquatica. Those HMs exceeded the permissible limit of WHO standards (5-86-fold). Although Cr, Cd, and Zn are acknowledged as essential elements to plants, higher concentrations of these HMs can be toxic [46] [47] [48] . The accumulation of Pb, Cd, and Cr in I. aquatica presents health problems for people living in the landfill as well as nearby villagers. This vegetable is commonly collected and sold in local markets and is also used to feed the residents' animals (pigs).
It was found that the grass P. purpureum absorbed a much higher quantity of Cd as well as other HMs than I. aquatica in the landfill (Table 4) , perhaps due to the deeper roots of the grass grown in soils, which elevates its ability to absorb heavy metals [49] . Several plants, such as Pistia stratiotes, Eichhornia crassipess, Hydrocotyle umbellatta, Lemna minor, Tyhpa latifolia, Scirpus acutus [50] , Micranthemum ubrosum [51] , and I. aquatica [52] , play a significant role for phytoremediation, as they are one of the best and cheapest cleanup technologies for contaminated soils, groundwater, and wastewater. However, the high contamination of HMs in P. purpureum apparently affected the health of cattle such as cows and buffalos, something which requires further investigation. People living near the MSW landfill in Vientiane may be exposed to HM toxicity at high levels, which would probably lead to health effects [8, 53] . Although some metals are essential for biological systems in humans and animals, acting as structural and catalytic components of proteins and enzymes, in higher concentrations, they can be toxic [54, 55] . The findings of this study highlight the environmental risks posed by HMs in the MSW landfill of Vientiane.
This study is the first to examine the HM contamination of water, soil, and plants in the MSW landfill in Vientiane, Laos. It provided detailed information on the polluted levels of HMs in underground water, soil, and vegetation in the MSW landfill. The most problematic HMs included Pb, Cr, Cd, Cu, and Zn (Tables 2-4) that may seriously affect the health of local residents near the MSW landfill and environment. Similar investigations of MSW landfills in other big cities of Laos, such as Savannakhet, Pakxe, and Thakhek, should be conducted. Analyzing how much HMs from MSW has penetrated into the environment is necessary for health protection in developing countries. In neighboring countries of Laos, such as Thailand and Vietnam, although the analysis of HMs has been well organized [56, 57] , MSW pollution has been unstoppable due to the mismanagement of waste classifications. The results of this study should be also submitted to the authorities in Vientiane, Laos, as they are relevant to environmental and health protection. Lawmakers should address the level of toxic HM penetration into the water, soil, and plants in the MSW landfill.
Conclusions
This study provided evidence of the serious pollution of the water, soils, and plants growing in the MSW landfill in Vientiane, Laos. Except for Ni, the polluted levels of Cd, Cr, Cu, Pb, and Zn exceeded the standards of ANESs, WHO, and Dutch Pollutant Standards, VROM (2000) to reach levels of eco-toxicological risk. The high accumulation of HMs in the edible plant parts of the widely consumed vegetable I. aquatica may cause a dilemma for the villagers living in and around the MSW landfill. The leachates by these HMs from MSW to the surrounding area may enlarge the extent of environmental pollution and health problems, thus requiring immediate phytoremediation and settlement. Frequent monitoring of the surface water, groundwater, and soil quality is necessary to determine the pollution levels and possibly initiate remedial measures. Education and legislation on landfill waste management must be academic and strict, from elementary school to university levels, throughout the country. In addition, the government should pay attention to improving landfill systems such as wastewater and leachate treatment systems. The MWS should be classified and analyzed to understand what sources in the MSW landfill principally caused the leaches of HMs in groundwater, soil, and vegetation. This may help to prevent the pollution by HMs from the MWS, therefore reducing the health problems of Laotian residents in the MSW landfill as well as in Vientiane. 
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